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Extrinsic magnetoresistance in magnetite nanoparticles
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~Presented on 14 November 2002!

Magnetite (Fe3O4) nanoparticles, 8 to 9 nm in size, have been synthesized using an aqueous
precipitation technique. X-ray diffraction and chemical titration confirm a single cubic spinel phase
with expected stoichiometry. Superparamagnetic behavior has been observed in pressed pellets of
the nanoparticles above 200 K. Spin-dependent tunneling through adjacent particles has led to a
negative magnetoresistance,28.6% at 200 K and24.5% at 300 K in a 70 kOe field. This is caused
by the field-induced alignment of the nanoparticle magnetization directions. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1556133#
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Significant magnetoresistance~MR! effects have been
reported in compact powder pellets of high spin-polarizat
materials, such as CrO2 and Fe3O4.1–3 The size of the pow-
ders studied has ranged from a few hundred nanomete
tens of microns. It is desirable to investigate such sp
dependent transport phenomenon in assemblies of e
smaller nanoparticles. Fundamentally, new physics m
emerge as the physical dimensions become comparab
certain characteristic length scales, such as single-dom
particle size and spin-flip diffusion length.4,5 Practically, ar-
rays of nanoparticles with small size distributions and sh
variations may lead to ultrasmall magnetic devices.6,7 In this
work, we report the investigation of magnetism and MR in
to 9 nm magnetite (Fe3O4) nanoparticle pellets. We hav
observed a spin-dependent tunneling through contigu
nanoparticles that is caused by the relative alignment of
particle magnetizations.

Nanoparticles of Fe3O4 have been synthesized by a
aqueous precipitation technique, by mixing ferric and ferro
chloride~with a 2:1 molar ratio! with aqueous ammonia.8–10

After synthesis, the nanoparticles were collected by magn
decantation, washed with water, and driedin vacuo. No sur-
factants were used in the synthesis in order to minimize
contact resistance between particles. According to infra
spectroscopy~compacted sample in KBr!, the neutralized
nanoparticles are coated with adsorbed water molec
@n(O– H)53420 cm21#. An x-ray diffraction pattern
(CuKa) of the synthesized black Fe3O4 nanoparticles is
shown in Fig. 1, along with the Joint Committee on Powd
Diffraction Standards~JCPDS! reference patterns of magne
tite and a structurally similar maghemite (g-Fe2O3).10 A
clean Fe3O4 cubic inverse spinel phase is confirmed. A k
distinction is the Fe3O4 ~222! peak at around 37°. In com
parison, although the maing-Fe2O3 peaks are similar to the
Fe3O4 ones, the noticeable absence of all other peaks wh
intensities are comparable to the one at 37° is a telltale
of the absence ofg-Fe2O3. Using an internal Si reference t
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calibrate any peak position shift due to the diffraction sam
preparation, we have determined the cubic lattice param
of Fe3O4 to be 0.8384 nm. Additionally, the diffraction peak
are broadened due to the nanometer size of the crystall
From the full width at half maximum of the peaks, correct
for instrumentation width, we have derived an average gr
size of about 9 nm. This is in agreement with transmiss
electron microscopy and atomic force microscopy stud
which show an average size of 862 nm.9 We have also used
a ferrous sulfate and potassium permanganate titra
method11 to independently verify the stoichiometry of th
Fe3O4 nanoparticles. The ratio of Fe31:Fe21 agrees with the
expected 2:1 ratio within 7%.

For this study, we have prepared compact pellets
Fe3O4 by cold-pressing bare Fe3O4 nanoparticles into a 6
mm die under a 23107 Pa pressure for 10 min. This leads
compact pellets with 40% packing density.12 Magnetic mea-
surements have been performed by a superconducting q
tum interference device~SQUID! magnetometer. Electrica
leads are attached by silver paint onto pressed pellets to

FIG. 1. Powder x-ray diffraction pattern of Fe3O4 nanoparticles, along with
JCPDS reference patterns of magnetite and maghemite (g-Fe2O3 , No. 25-
1402!, all shown in linear scale.
1 © 2003 American Institute of Physics
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low four-point transport measurements. Due to the large
sistance of the pellet, several MV at 300 K, a Keithley 617
electrometer with a 200 GV impedance has been used for t
transport measurements.

Magnetic hysteresis loops of a pellet are shown in Fig
At 5 K, a ferromagnet-like hysteresis loop is seen, with
coercivity of 290 Oe. At high fields, 20–70 kOe, the magn
tization displays a linear slope beyond saturation, due to
ferrimagnet nature of Fe3O4. Extrapolating the linear slope
towards zero field leads to a saturation magnetizationMS of
about 95 emu/g, consistent with the bulk value of 98 em
at 0 K.13 At increasing temperatures, the saturation magn
zation decreases slightly whereas the coercivity diminis
precipitously. At 200 K, the hysteresis has collapsed~Fig. 2
inset! and the sample becomes superparamagnetic.
blocking behavior is due to the small size of the parti
where thermal fluctuations dominate. It is also confirmed
measuring the temperature dependence of the magnetiz
during zero-field cooling and field-cooling, as well as
measuring the temperature dependence of the remanent
netization after saturation at 5 K. Note that the 200 K bloc
ing temperature measured is technique-specific, determ
by the sampling time. In our case, the measurement tim
about 30 s for any temperature point.

The temperature dependence of resistivity is shown
Fig. 3~a!, in zero field and a 70 kOe field. At 300 K and ze
field, the resistivityr is 83103 V m, about seven orders o
magnitude larger than the;231024 V m resistivity seen in
bulk single crystals and thin films,2,14 and four orders of
magnitude larger than the;1021 V m seen in pressed pelle
of 50 mm sized magnetite powders~also 40% packing
density!.2 With decreasing temperatures,r increases almos
exponentially from 83103 V m at 300 K to 13108 V m at
110 K, below which the resistance values were beyond
instrument capabilities. The activation energy deduced fr
r2T over 200–300 K is about 280 meV, much larger th
the 20–40 meV previously seen in Fe3O4 thin films.15 The
much largerr and activation energy indicate that most of t
resistance comes from the contacts between nanoparti

FIG. 2. Magnetic hysteresis loops of the magnetite pellet at 5 K~open
square! and 200 K~closed circle!. The inset shows a magnified view ne
zero field.
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This could also mask the appearance of a Verw
transition.16 An average per contact resistance can be e
mated byr/d5831011 V, whered is the particle size. Simi-
lar to earlier studies,2,3 this contact resistance value is muc
larger than the quantum limit of a metallic contact:h/2e2

513 kV. Thus the electron transport is limited by interpa
ticle tunneling.17 In a 70 kOe field, the resistivity is slightly
lower, while following qualitatively the same temperatu
dependence as in zero field.

The field-dependence of MR, defined as@r(H)
2r(0)#/r(0), has been measured at 200 and 300 K,
shown in Fig. 3~b!. Negative MR of28.6% and24.5%
have been observed in a field of 70 kOe at 200 and 300
respectively. It is remarkable that despite the much lar
resistance in the present nanoparticle pellet, the MR effec
comparable to those obtained in much less resis
samples.2,3 For example, at 300 K and 12 kOe, we observ
a MR effect of 2.5%, slightly larger than the 1.7% and 1.2
observed previously in polycrystalline and pressed pow
~50 mm size! samples.3 Furthermore, the MR is nonhysteret
at both temperatures, except a small drift within the error
the experiment. This correlates with the collapse of coerc
ity in the magnetic hysteresis loop of the pellet at 200 K a
above, caused by the superparamagnetism. In compariso
previous polycrystalline and pressed powder pellets w
much larger grain sizes, the coercivity is finite and the M
displays a double-peak feature at the coercive fields.3

The negative MR is due to the spin-dependent tunne
through a network of contiguous nanoparticles. In zero m
netic field, the magnetizationM of each nanoparticle orient
largely in random, which represents a spin-disordered st

FIG. 3. ~a! Temperature dependence of resistivity in zero field~open circle!
and a 70 kOe field~closed square! from 300 to 110 K.~b! Field dependence
of magnetoresistance of a Fe3O4 nanoparticle pellet at 200 and 300 K.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The application of a magnetic field aligns all magnetizatio
and reduces the spin disorder. This in turn increases the s
dependent tunneling probability and leads to a reduction
resistance, hence the negative MR. This is analogous to
giant magnetoresistance~GMR! effect seen in metallic
granular solids with magnetic granules embedded in a n
magnetic matrix.18 There, the GMR is due to a spin
dependent scattering mechanism. In the present case, th
trinsic MR can also be correlated to a factor^cosfij&, where
f i j is the angle between magnetization directions of t
nanoparticles. In the case of independent nanoparticles,
;^cosfij&;^cosu&2;(M/Ms)

2, whereu is the angle between
the magnetization direction of a nanoparticle and the app
field.18 Since saturation magnetizationMS is a constant, MR
can be compared withM2. In our nanoparticle pellet, how
ever, we observe clear deviations from a quadratic dep
dence between MR andM , particularly at lowM values. The
departures can be corrected by adding higher order term
M4 and M6. A fit to MR5aM21bM41cM6 is shown in
Fig. 4, wherea, b, andc are fitting parameters. This is du
to the strong coupling between the Fe3O4 nanoparticles tha
cause deviations from the independent particle scenario.

FIG. 4. Correlation between magnetoresistance MR and magnetizationM at
200 K. The solid line is a fit to high order terms ofM 2.
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In summary, we have investigated magnetic and tra
port properties of pressed Fe3O4 nanoparticle pellets. The
assembly becomes superparamagnetic above 200 K ov
30 s time scale. Spin-dependent tunneling through cont
ous nanoparticles depends on the relative alignment of t
magnetizations, resulting in an extrinsic and significant ne
tive MR.
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